Fossils were examined from four major North American collections of Burgess Shale material (Table S1 ). Specimens were photographed digitally using polarizing filters at the camera and light source to enhance contrast of anatomical features. Some specimens were immersed in water to increase visibility of structures. Camera lucida drawings were made with a Nikon SMZ 1500 stereomicroscope.
Phylogenetic analysis.
For the phylogenetic analysis, a character matrix of 42 characters was generated for 17 taxa. The characters and states are listed below in the supporting text, with explanations when appropriate. The character matrix can be seen in Table S3 . Cladistic analysis of selected stem and crown group arthropods was conducted in PAUP* version 4.0b10. A branch and bound search under implied weights (k=2) resulted in 3 trees. The strict consensus of these trees is shown in Fig. 4 , with character optimizations depicted in Fig. S3 . Jackknife supports were calculated based on 1000 replicates using "jac" resampling with 36% deletion. Priapulus was used as the outgroup.
Supporting Text:
Taphonomy.
Carapaces. The frontal carapace in Hurdia is interpreted to be preserved in approximate life position. Its configuration is exactly the same in all seven articulated specimens, with no indication of a gap or a breakage point between segments and carapaces, which would be expected in a moulting assemblage. Even in the disarticulated specimens (Fig. S1B, C) , the close association of these elements could indicate that they were linked by connective tissue to form the frontal carapace structure. True moulting assemblages are represented by the 175 disarticulated assemblages ( Table S1 ) that contain frontal appendages, mouth parts, gills, H-and/or 1-2 P-elements in various combinations. In particular, isolated specimens of gills are good indications that these are moults as opposed to decaying carcasses, because other more resilient parts like mouth parts, carapaces or appendage would have also been preserved if present. On these slabs, elements are not attached to Hurdia trunk segments (which are absent) or to each other (with the exception of slabs with two P-elements that are usually joined at their beaks) but they are still in close proximity and often in similar configurations. H-and Pelements are found with each other much more often than with other elements, and they usually adopt a consistent configuration similar to that illustrated in Fig S1B. It is unlikely that the seven articulated specimens (with all elements attached to trunk segments) also represent moulting assemblages. Instead, they probably represent whole carcasses, although without the presence of preserved internal structures such as gut diverticulae it is difficult to determine this with any certainty. Even if they are wholebody moult assemblages, it does not necessarily mean that the frontal carapace was displaced anteriorly during moulting.
Of the seven articulated specimens that show an anterior position of the frontal carapace, only one preserves eyes on stalks that appear to protrude upward through the overlapping posterior notches of both the H-and P-elements (Fig. 1A, B ). This location of the eyes and notches at the posterior end of the frontal carapace is another indication that the anterior position of the frontal carapace is genuine and was not achieved by sliding forward along the entire length of the body, which would mean the eyes were originally located at the posterior of the body, or by flipping the carapace forward, which might have a high chance of destroying the eyes and stalks. The idea of flipping the carapace forward is also discounted by the consistent and similar positioning of H-and P-elements in disarticulated assemblages. The lack of preservation of eyes in any of the other articulated carcasses is troubling because eyes preserve well in the anomalocaridids (S1) and other arthropods from the Burgess Shale. However, depending on angle of burial and the splitting location between the part and counterpart, the eyes might not be visible in many specimens owing to their original three-dimensionality. In Laggania and Anomalocaris for example, eyes often need to be prepared out of the matrix covering them because they are preserved on different layers or are partially overlain by the rest of the body. The reticulate pattern on the H-and P-elements of Hurdia consists of unequally-sided polygons. It is observed relatively rarely in specimens; 27% of H-elements and 44% of P-elements display a clear reticulate pattern. When present, it is preserved as either low, narrow ridges or valleys on the carapace surface, or it is highly reflective but has no relief. The reticulate pattern of Hurdia is less prominent than in the well-studied Tuzoia (S2), and polygons appear to be smaller in size in the former taxon. Tuzoia reticulation is described as an external ornamentation (S2), but the Hurdia reticulate pattern may have been formed by internal walls between outer cuticle layers, such that the reticulations are only visible when the outer cuticle has been degraded and removed.
Mouth parts. Considering that the main difference between the mouths parts of Hurdia and those of Laggania and Anomalocaris is the presence of rows of teeth within the central opening in Hurdia, it might be thought that all anomalocaridids had mouth parts with extra rows of teeth that are simply not preserved in Anomalocaris and Laggania. It is conceivable that if teeth were lining a buccal structure that decayed faster than the rest of the mouth parts, then the extra rows of teeth could have disaggregated during decomposition. We consider this scenario to be unlikely for several reasons. Firstly, there is no evidence of extra teeth within the central opening of the mouth parts in any articulated specimen of either Anomalocaris or Laggania. In contrast, 57% of Hurdia assemblages show clear evidence for extra teeth, and those that do not show this often have mouth part central openings that are not visible because they are covered by overlying rock material or they have lateral or incomplete preservation. Secondly, no isolated rows of teeth, or isolated teeth, are found in deposits with anomalocaridids at all Burgess Shale localities, which would be expected had they detached from the mouth parts of these animals. It is unlikely that their absence is owing to differential decomposition considering that the extra rows of teeth appear to be made of the same material as the outer plates of the mouth parts (which are preserved). Thirdly, the mouth parts of Hurdia also differ from those of Anomalocaris and Laggania in having a curved dome shape to the outer plates, which was possibly present to create space for the extra rows of teeth. We believe that the curved aspect of the outer plates allows the mouth parts to be preserved in lateral aspect, as can be seen in the best preserved specimen of Hurdia (Figs. 1A , B, S1A), which was previously described as an oblique lateral specimen of Laggania (S1). There is no evidence of laterally preserved mouth parts in either Anomalocaris or Laggania.
Synonymy List.
Stem Euarthropoda Hurdia victoria Walcott 1912 Walcott v.1911a Sidneyia inexpectans. Walcott, pars, p. 25, 26, pl. 4, figs. 1-4. v?1911a Amiella ornata. Walcott, p. 27-28, pl. 5, fig. 4. v.1911b Sidneyia inexpectans. Walcott, pars, p. 517, figs. 1-4 [cop. 1911a, pl. Sidneyia inexpectans. Henriksen, pars, p. 18, 19. v.1944 Sidneyia inexpectans. Størmer, pars, p. 89, 124, 126, fig. 17, no. 11; fig. 24b [figures after Walcott 1911a fig. 24b [figures after Walcott , 1911a fig. 24b [figures after Walcott , pl. 4, fig. 4] v?1944 Amiella ornata. Størmer, p. 91. v.1953 Sidneyia. Dechaseaux, pars, p. 32, fig. 5. v?1959 Amiella ornata. Størmer, p. 30. v.1959 Sidneyia inexpectans. Størmer, pars, p. 26, 30, fig. 16, no. 3, p. 30. v.1962 Proboscicaris agnosta. Rolfe, p. 2-4, pl. 1, fig. 2 ; Text-fig. 1. v.1962 Proboscicaris ingens. Rolfe, p. 4-6, Pl. 1, fig. 3; Text-fig. 2. v?1963 Sidneyia ornata. Simonetta, p. 97, 104. v.1963 Sidneyia inexpectans. Simonetta, pars, p. 99-102, figs. 1b, 2a, 2c, pl. 9 (non 139704); pl. 10 (non 139702, 139705, 139718) ; pl. 11 (non 139713, 139720). v?1975 Sidneyia ornata. Simonetta and Della Cave, pl. 13, fig. 7. v.1975 Sidneyia inexpectans. Simonetta and Della Cave, pars, p. 20, pl. 7; pl. 10, figs 3,4: pl. 11, fig. 5; pl. 12, figs. 6, 7; pl. 14, figs. 2-6; pl. 15, figs. 3-7 [pl. 10, figs. 3,4; pl. 14, figs. 2, 6b nov, otherwise cop. Simonetta 1963] v.1975 Hurdia victoria. Simonetta and Della Cave, p. 9, pl. 6, fig. 8; pl. 43, fig. 15; pl. 45, fig. 1-5; pl. 46, fig. 1. v.1975 Hurdia triangulata. Simonetta and Della Cave, p. 9, pl. 6, fig. 7; pl. 44, figs. 2, 3, 4. v.1975 Hurdia dentata. Simonetta and Della Cave, p. 9, pl. 6, fig. 4; pl. 44, fig. 6. v.1975 Proboscicaris agnosta. Simonetta and Della Cave, p. 8, pl. 6, fig. 1; pl. 37, figs. 1, 5. v.1975 Proboscicaris obtusa. Simonetta and Della Cave, p. 8-9, pl. 6, fig. 2; pl. 47, fig. 5. v.1975 Emeraldella brocki. Simonetta and Della Cave, pars, pl. 27, fig. 5. v.1976 Sidneyia inexpectans. Simonetta, pars, fig. 2 Sidneyia inexpectans. Bruton, p. 627-628, fig. 34, fig. 38, pl. 5. v.1985 Anomalocaris nathorsti. Mouth part with extra teeth. Whittington and Briggs, pars, p. 583, fig. 68, pl. 15, figs. 69-71. v.1985 Anomalocaris nathorsti. Whittington and Briggs, pars, p. 586-590, pl. 16, figs. 72-74; figs. 75, 76; pl. 17, fig. 77, 78; pl. 18, figs. 81-83; figs. 84-86; pl. 19, figs. 87-89; fig. 99-100. v?1985 Amiella ornata. Whittington and Briggs, p. 604-606, pl. 20, figs. 90-92; fig. 94. ?1990 Liantuoia inflata. States of this character were determined after (S5) for most taxa. The numbers for body segments in Megadictyon (S6), Pambdelurion (S7), Weinbergina (S8) and Misszhouia (S9) were determined from primary literature. This character is intended to recognize the shared number of body segments in Kerygmachela and Pambdelurion on the one hand, and Anomalocaris and Laggania on the other.
3. Number of cephalic segments 0 1 1 2 2 3 3 4 4 5 5 7
States of this character were determined after (S5) for most taxa. The numbers for cephalic segments in Megadictyon (S6), Pambdelurion (S7), Weinbergina (S8) and Misszhouia (S9) were determined from primary literature. The orientation of the esophagus in ventrally located mouths varies between being aligned with the dorsoventral body axis or being curved anteriorly, in which case, the mouth is directly posteriorly. For Hurdia, there are no specimens in ventral orientation to allow determination of the orientation of the mouth, although the one carcass in dorsal view (Fig. 1C ,D) appears to have a flat-lying mouth part. The apparent posteriorly directed mouth part in one specimen (Fig.1A,B) is not thought to be in original position; there is evidence that the anterior of this specimen was subjected to deformation and slight disarticulation that may have shifted the position of the mouth part. This character is coded as 0 for Hurdia, as for the two other Burgess Shale anomalocaridids (S1).
Mouth position
6. Radially arranged circumoral structures (papillae, plates, lamellae) 0 absent 1 present A variety of circumoral structures are found in the lower-stem group arthropods and the outgroup Priapulus (S10) but not in the crown group euarthropods. These take the form of circumoral papillae in onychophorans (S11) and a mouth cone and lamellate ring with biradially-arranged sensilla in some tardigrades (S12) . Kerygmachela has a mouth cone (S10) and Pambdelurion (S7) and possibly Megadictyon (S6) have circlets of plates. The mouth part of the anomalocaridids is coded as a circumoral structure.
Circumoral structures plate-like, radially arranged, with teeth at inner margins of plates 0 absent 1 present
This character distinguishes the mouth parts of the anomalocaridids (S13, S1) and the circumoral plates of Pambdelurion (S7) and Megadictyon (S6) (but see discussion of character 8) from the circumoral structures in the lower stem-group arthropods s.l.
Structure of mouth part apparatus
0 variable number of undifferentiated plates 1 32 plates with differentiation of four enlarged plates in a cross arrangement
The mouth parts of Megadictyon (S6) and Pambdelurion (S7) are relatively poorly known. The latter demonstrably has a circular arrangement of circumoral plates with overlapping margins, and the former has been described as such (S6), though the possibility remains that the teeth in Megadictyon are pharyngeal structures with a transverse rather than radial arrangement. In both cases, the material available is incomplete and shows no evidence of these genera having a total of 32 plates in an anomalocaridid-like mouth part arrangement.
Inner rows of teeth within mouth part 0 absence 1 presence
This character describes the unique condition found in Hurdia of having a series of five denticulated plates within the central opening of the mouth part. The only possible homologues in other terminals considered here are the circlets of multicusped pharyngeal teeth of Priapulus.
Eyes 0 absent 1 present
No eyes have been reported in either Megadictyon or Pambdelurion, although this may be at least in part due to poor preservation and the relative rarity of specimens. The stalked and likely compound eyes of Hurdia are known only from a single specimen (Figs. 1A,B, S1A ).
11. Eye structure 0 ocellus-like or pigment spots 1 large, compound/ommatidial-type This character distinguishes the ocelli of the onychophorans and tardigrades from the prominent, often stalked, eyes of many upper stem-group and crown arthropods. The details of the structure of the putative eyes in Kerygmachela are unknown (S14). Although the ultrastructure of the eyes of all fossils considered here is unknown and it is impossible to ascertain whether their eyes have the rhabdomeric retinular structure and mode of marginal eye element addition that is considered apomorphic for euarthropod ommatidia (S15), large, stalked eyes in fossils are inferred to have been euarthropod-like (facetted/ommatidial). In gross morphology, none closely resembles the ocellus of onychophorans (S16) or the pigment-cup ocellus of some tardigrades (S17).
Eye stalks 0 eye sessile 1 eye stalked
Coding for sessile eyes in Leanchoilia follows (S18).
Preoral forehead plate (hypostome)
0 absent 1 present
Crown group arthropod taxa typically have a hypostome, a ventral forehead sclerotization situated just anterior to the mouth. In extant taxa, it is represented by the epistome-labrum in Chelicerata and the clypeo-labrum in Mandibulata (S19). This structure has been described in Fuxianhuia (S20). Presence of a preoral forehead plate in the anomalocaridids is indicated by Anomalocaris saron [see (S21) Figs. 1, 2, and (S22) Fig. 9 ]. The lack of ventral preservation of Hurdia specimens makes it difficult to determine whether or not a hypostome was present in this taxon, although disarticulated specimens are often found in association with small, featureless, half-circle sclerites that may have been part of a ventral head structure.
14. Arcuate anterior sclerite 0 absent 1 present A cephalic sclerite located anterior to the hypostome was recently identified in several upper stem-group arthropods (S20). In Fuxianhuia, this sclerite is the most anterior structure in the head region, and is closely associated with the eyes. An arcuate anterior sclerite is also present in at least Anomalocaris and Laggania [see (S13) Fig. 4 .3 for example], but its presence in Hurdia is unknown (see comments for character 13).
Weakly sclerotized dorsoanterior carapace(s)
0 absent 1 present This character refers to the H-and P-elements of Hurdia. A dorsolateral carapace element may also be present in Laggania, although the lack of dorsally preserved specimens makes this difficult to determine. In ventral aspect, thin strips of smooth cuticle frame the lateral and anterior margins of the head region, indicating that a carapace probably partially extended over the dorsal and lateral head regions (S1). Although these carapaces have not been found in isolation, their arrangement is similar to the H-and/or P-elements of Hurdia.
16. Serially repeated midgut glands 0 absent 1 reniform, submillimetric lamellar 2 radiating tubular diverticula
No evidence of midgut glands have been identified in Hurdia. In some taxa, notably Leanchoilia (S23), Laggania (S1), Pambdelurion (S7) and Opabinia (S3, S4) , midgut glands are three-dimensionally preserved, share a reniform shape, and have an internal structure of submillimetric lamellae. In contrast, Cambrian naraoiids, like Misszhouia and Naraoia, have thick sediment filled canals in a radiating or branching pattern under the head shield (S9). Character state 2 conforms to the structure
Paired appendages 0 absent 1 present
This character denotes the presence of any paired appendages on the body, including trunk limbs, frontal appendages, head appendages/antennae or any combination of these three elements. In Opabinia, the frontal appendage structure is considered to be a pair of appendages that have fused and been displaced to the end of the proboscis (S3). The character is coded for a homology of the paired, segmental ventrolateral appendages common to panarthropods. In extant taxa, this homology can be defended by the shared possession of segmental leg nerves and leg musculature (S24).
18. Arthropodization of any appendage (pivot joints, sclerotized podomeres separated by soft arthrodial membrane) 0 absent 1 present
For the anomalocaridids, including Hurdia, the frontal appendages are considered to be arthropodized, as they are at least cuticularized (if not sclerotized to some extent) and they have both pivot joints and soft arthrodial membranes. The frontal appendage of Opabinia is not considered to be arthropodized even though it may have been cuticularized, as there are not obvious pivot joints or arthrodial membranes. Those taxa that are coded as absent for this character have either telescoping legs (the tardigrade Parastygarctus) or lobopodian limbs (see character 28).
Form of anteriormost cephalic appendage 0 antennae or chelicerae 1 frontal appendage
This character describes the morphology of the appendage that is located in the most anterior position as observed in the fossil and extant taxa. It was included mainly to distinguish the frontal appendage of lower stem-group arthropods and megacheirans from the anteriormost appendage in upper-stem/crown Euarthropoda. The chelicerae are grouped in with the same character state as antennae based on recent work on extant chelicerates that identifies this structure as positionally equivalent to the antennae of crown mandibulates (S25, S26) [see (S27) for review].
To accommodate fossils, this character does not make homology statements based on assumed or observed innervation patterns to various cerebral segments. Developmental data on extant taxa show that the antennae of onychophorans (Euperipatoides) are not homologous to the antennae of mandibulates (myriapods, crustaceans and hexapods) (S11, S28, S29) based on dissimilar innervation patterns. However, in this matrix both Euperipatoides and the fossil examples of stem/crown mandibulates (Misszhouia and Martinssonia) receive the same character state based on morphology alone. Multistate recoding of this character to have separate antennae states for "onychophoran (protocerebral) antennae" and "mandibulate (deutocerebral) antennae" did not affect the tree topology.
Character state 1 identifies those taxa with a "great" or frontal appendage. This includes the anteriormost head appendage of the lobopodians Kergymachela (S14), Pambdelurion (S6), Megadictyon (S2) and Aysheaia (S30), the anomalocaridids (S1), and the "short" great appendage of Megacheira (S31). The origin and ultimate fate of the frontal appendages are topics of some controversy [for review see (S27) ]. The character coding in this matrix circumvents this debate by adhering to morphology-based distinctions between the frontal appendages of different taxa. The presence of a pair of frontal appendage in Fuxianhuia has also been the topic of some debate; alternate theories suggest that the structures thought to be a frontal appendage by some (S20, S27, S32) are instead gut diverticulae (S33, S34) . Evidence for these structures being appendicular is reviewed in (S20) and (S27), which the authors find convincing enough to assign character state 1 to Fuxianhuia. This character distinguishes the anomalocaridid-like great appendage (state 1) from the "short" great appendage of Megacheira (Leanchoilia) and other upper stem-group/crown euarthropods (Fuxianhuia).
Antennal structure

Spinose great appendage style
0 unpaired annulated proboscis-like structure with branching tip 1 15 segments with a double row of short ventral spines 2 single row of elongated ventral spines with fewer than 15 articles 3 annulated lobopodous Character state 0 denotes the frontal appendage of Opabinia, which is so highly derived that it finds no convincing analogue with any other frontal appendage. Character state 1 describes the typical Anomalocaris appendages, while state 2 applies to the frontal appendage of Laggania and Hurdia. The details of the frontal appendage in Laggania are unclear due to poor preservation, but specimen USNM 274164 (S1) shows clearly that this appendage has at least nine articles bearing elongated ventral spines.
24. Nature of post-cephalic articulation 0 overlapping pleurae not present 1 overlapping pleurae present
Trunk annuli 0 absent 1 present
This character describes those taxa that have distinct, clearly separated, repeated segmental body rings that are completely delimited, including along the dorsal midline. The tergites and sternites of euarthropods, separated by intersegmental arthrodial membrane, are considered as annuli in this sense. Opabinia is unique among the lower stem group arthropods in having well delimited annuli (S3, S4) . The repeated lobe and gill complexes of the anomalocaridids are not considered as trunk annuli because there is no evidence that they are continuous across the dorsal area (S1).
Trunk annulation 0 absent 1 present
This character refers to the repeated superficial tegumental ring structures of lobopodian and onychophoran bodies. It is uncertain whether tardigrades possess trunk annulation. Some tardigrade taxa (S35) have ring-shaped wrinkling in between the dorsal shields and legs, though these structures do not exactly resemble the more obvious annulation of lobopodians and onychophorans.
Organization of trunk annulation 0 homonomous 1 heteronomous
Homonomous annulation consists of a constant shape, size and number of annulations per segment, while heteronomous annulation differs between segments.
Trunk walking legs 0 absent 1 present
Trunk walking legs include any series of repeated, paired, ventral locomotory limbs of any form. Character 18 previously distinguished arthropodized limbs from those of Parastygarctus (which has telescoping legs) and the lobopodians. The presence of lobopod limbs in Opabinia is a controversial issue. Serially repeated highly reflective structures originally thought to be gut diverticulae or musculature were suggested to be lobopod-type limbs by Budd (S3) based on their morphology, taphonomy and relation to other body parts (lateral lobes and body trunk). This theory was rebutted by Zhang and Briggs (S4) , who used elemental mapping on the reflective triangular areas to relate these structures to the gut of Opabinia and conclude that these structures are instead gut diverticulae. Although certainly informative, the elemental mapping results are inconclusive because the element tracings do not seem to be consistent between specimens (compare the high Al signal in specimens USNM 155600 and 205258 with the low Al signal in USNM 241479 for the same structures). In light of the controversy surrounding the presence of walking limbs in Opabinia, we have coded this character as unknown.
The presence of walking legs in Hurdia has not been substantiated by the current study.
Appendicules on lobopod limbs 0 absent 1 present
Appendicules refer to the thick spines that run along the margins of some lobopodian type limbs [character 18 of (S6)], with up to one such spine per annulation. Inadequate preservation does not allow for the identification of this structure in Kerygmachela (S14).
Number of endopod segments in sclerotized locomotory limbs
0 more than 7 segments, excluding the terminal claw 1 at most 5-7 segments, excluding the terminal claw
This character refers to the sclerotized locomotory limbs of the upper-stem and crown group euarthropods. This coding reflects the results of numerous studies showing that in many extant and fossil chelicerates and crustaceans, the number of endopodal podomeres is fixed between 5-7 [see (S24) and references therein for a review of this topic). Taxa with more than this number of endopod segments [e.g. Leanchoilia (S18, S36)] in their locomotory limbs are variably considered to be stem representatives of arthropods instead of crown members (S24, S37).
Trunk exites/exopods 0 absent 1 trunk exites 2 trunk exopod
States for this character are based on recent work (S38) that used clonal analysis in a crustacean to discriminate between exopods and exites of "biramous" limbs. This study showed that the "true" biramous limb (composed of an exopod and an endopod) is found only in the Mandibulata. In xiphosurans (Chelicerata), the flabellum, an outer branch of the walking leg, was considered by some to be an exopod (S39, S40) , but the ontogeny of this structure (S41) suggests that it is instead an exite and is not homologous to the exopods of the biramous limb in crustaceans. Some of the Cambrian stem-group arthropods also likely possess exites as opposed to exopods, based on the assumed homology (more clearly demonstrated herein with Hurdia) between the lanceolate blades of the anomalocaridids and the setae on the outer branches of upper stem group arthropods and many fossil representatives of the arthropod crown group (e.g. Misszhouia). This reasoning also applies to the states used in character 32. 
Form of exite/exopod
Exite and endopod fused 0 absent 1 present
In this character matrix, the lanceolate blade and lateral lobe assemblages of the lobopodians and anomalocaridids are considered to be exites homologous with the paddle and rod shaped exites of upper stem group taxa, and trunk walking legs are considered to be endopods. In the lobopodian taxa of Sirius Passet, the walking limbs are not fused with the exites, but rather each attached to the body trunk separately (S7, S14). The Cambrian biramous limb has been suggested to have formed by the fusion of these two elements to form a trunk walking leg with an exite attached proximally (S3).
35.
Anteroposteriorly compressed protopodite with gnathobasic endites in postantennal / post-frontal appendages 0 absent 1 present
The presence of gnathobasic limbs in Hurdia has not been substantiated by the current study, although a previous report suggested that biramous walking limbs with gnathobases were present in this taxon (S13) . No evidence for such structures as found in the hundreds of specimens examined herein. The character definition follows (S42).
Lateral flaps (body extends laterally into imbricated, unsclerotized flaps)
The lateral flaps or lobes of the anomalocaridids and some lobopodians consist of subtriangular extensions of cuticle that protrude from the lateral margins of the body in a reversely imbricated fashion. In Hurdia, the lateral lobes are not as prominent as in the other anomalocaridids, but small lateral flaps are visible in some specimens (Figs. 1C,D,  2A ).
Strengthening rays on lateral flaps 0 absent 1 present
Strengthening rays consist of evenly spaced, often highly reflective, transverse lines that curve along the anterior margin of the lateral lobes. They have only been observed in the anomalocaridids (S1), including Hurdia.
Longitudinal ("gill-like") wrinkling on distal part of flaps 0 absent 1 present
In the Sirius Passet lobopodians, longitudinal wrinkling is present on the distal regions of the lateral flaps, and these have been interpreted to have a respiratory function (S7, S14).
Definition of lateral flaps 0 poorly-defined 1 prominent, well-defined
This character distinguishes the small, less prominent lobes of Hurdia from the rest of the lateral lobe-bearing lobopodians and anomalocaridids.
Posterior tapering of lateral lobes 0 absent 1 present
Posterior tapering of the width of the lateral lobes is pronounced in Anomalocaris and Laggania, while other lateral lobe-bearing taxa, including Hurdia, have a more even body outline (Fig. 1C,D) .
Dorsal bands of lanceolate blades 0 absent 1 present
The anomalocaridids and Opabinia possess structures that consist of a series of parallel oriented lanceolate blades that are attached at one end and free-hanging towards the posterior. Hurdia and Opabinia's exquisitely preserved structures are similar in morphology and orientation on the body (Gig. S2C,G,H).
Posterior tagma composed of three paired tail flaps 0 absent 1 present
The three paired tail flaps of Anomalocaris and Opabinia are similar to each other in morphology and orientation. Only a single pair of tail flaps is visible in Hurdia, and the posterior region of Pambdelurion and Megadictyon is unknown.
Comments on Results of Phylogenetic Analysis.
The phylogenetic analysis shows a paraphyletic transition between the cycloneuralian outgroup (Priapulus) and the crown group euarthropods, with tardigrades and onychophorans branching off amidst a grade of Cambrian lobopodians that includes the lower part of the euarthropod stem group. The tardigrade Parastygarctus is unresolved with respect to Kerygmachela and the onychophoran-euarthropod clade. The phylogenetic placement of tardigrades in relation to the arthropods s.l. is controversial and some of the characters commonly used in phylogenetic analyses may be either modified or absent due to miniaturization of this phylum (S35) . In this analysis, Parastygarctus shares an absence of trunk annulation with the upper stem-group and crown euarthropods, which creates a conflict when Kerygmachela also uniquely shares characters with taxa further up the tree (presence of metameric midgut glands and lateral flaps). Above the Parastygarctus-Kerygmachela node, the onychophoran Euperipatoides branches off stemward of the Chengjiang taxon Megadictyon and the Sirius Passet taxon Pambdelurion, these latter lobopodians forming a grade in the lower part of the euarthropod stem group (S35). The placement of Euperipatoides further uptree than Kerygmachela is based upon the presence of a ventral mouth (character 4) in Euperipatoides, similar to the lobopodian taxa Pambdelurion and Megadictyon. This homology has been disputed in previous studies that favoured ventral rotation of the mouth from a primitively frontal/terminal position occurring independently in the Onychophora and Euarthropoda lineages (S14, S43).
The anomalocaridids have been controversial in terms of their phylogenetic position. Though it is generally agreed that they are related to arthropods [but see (S44) for an alternative opinion, later substantially modified by its authors], it has been debated whether they belong in the euarthropod crown group as stem group chelicerates or deeper down in the stem group of the Euarthropoda. Placement in the stem group of Chelicerata was influenced by the inclusion of the Chengjiang taxon Parapeytoia yunnanensis within anomalocaridids (S44) . This supposed anomalocaridid has 13 pairs of arthropodized post-oral trunk limbs with spinose basipods (S44). Recent work [Fig. 2 in (S45) ] has suggested that P. yunnanensis may lie outside the anomalocaridid clade because of the greater similarity of its frontal appendages to those of megacheiran euarthropods, and we also emphasize that Parapeytoia differs from anomalocaridids in having euarthropod-like trunk limbs and strongly sclerotized, segmental sternites. The other main distinguishing feature of the anomalocaridids, the "Peytoia" mouth part, is unconvincingly described and illustrated for P. yunnanensis, making it difficult to ascertain if this genus might be a misidentified megacheiran. Until its mouth part and lateral body flaps are convincingly documented, we recommend that Parapeytoia not be used to interpret anomalocaridids. Without the inclusion of P. yunnanensis, the anomalocaridids possess few characters that define crown group Euarthropoda and we see no unique similarity between their frontal appendages and chelicerae, regardless of whether or not megacheirans are placed in the chelicerate stem group.
The phylogenetic tree herein places Leanchoilia crownward of Fuxianhuia, but the relative placement of these and other "great appendage" taxa in the stem lineage of the euarthropods is one of the many debates in arthropod phylogeny [see (S46) for review]. Some consider the frontal appendage of Fuxianhuia to be homologous with the labrum of modern euarthropods, while its antennae are homologous with the antennae of euarthropods (S47) . This view places Fuxianhuia further up in the arthropod stem lineage based on the presence of euarthropod antennae. Others identify the frontal appendage of Fuxianhuia and Leanchoilia as homologous to the chelicerae in chelicerates and the second antennae in mandibulates, with the antennae of Fuxianhuia corresponding to the primary antennae (which is lost in Leanchoilia and crown-group euarthropods) (S27, S46) . This means that Leanchoilia would be further up in the arthropod stem lineage based on the fact that it has gnathobasic trunk limbs. Another point of view contends that an ancestral antenna of early stem lineage arthropods transforms within the stem lineage of Chelicerata into the frontal appendage and eventually forms the chelicerae, while the antennae of Mandibulata are modified directly from the ancestral antennae (S33, S34) . In this view, the purported frontal appendage of Fuxianhuia is not considered to be an appendage at all, but instead is thought to be gut diverticulae [see refs. (S20) and ( Only those mouth parts with extra rows of teeth can be definitively identified as Hurdia; many more mouth parts that do not have extra teeth are present in these collections and they are assumed to belong to either Anomalocaris or Laggania. 5. The frontal appendage of Hurdia cannot be distinguished from that of Laggania with our current knowledge, so only those frontal appendages found in close proximity with other definitive Hurdia elements (H-elements, mouth parts with extra rows of teeth, or Pelements) are counted here. 6. A count of all isolated frontal appendages, which cannot be definitely assigned to Hurdia due to their similarity to the Laggania frontal appendage. 7. Gills are usually found in the carcass specimens or in association with disarticulated lateral lobes or other Hurdia elements. Table S2 . Size data for articulated Hurdia victoria specimens, including the total length of the body, the length of the frontal carapace (H-and P-elements) and the % of the total body length that the frontal carapace comprises. Table S3 . Character matrix used for phylogenetic analysis of stem and crown group Arthropoda s.l.
Articulated specimens
